Various configurations were investigated to find the most stable structures of glycine-(water) 3 complex. Five different optimized conformers of glycine-(water) 3 complex are obtained from density functional theory calculations using 6-311ϩϩG* basis set. Relaxation energy and many body interaction energies ͑two, three, and four body͒ are also calculated for these conformers. Out of the five conformers, the most stable conformer has the BSSE corrected total energy Ϫ513.917 967 7 Hartree and binding energy Ϫ27.28 Kcal/mol. It has been found that the relaxation energies, two body energies and three body energies have significant contribution to the total binding energy whereas four body energies are very small. The chemical hardness and chemical potential also confirmed the stability of the conformer having lowest total energy.
I. INTRODUCTION
Amino acids have been quite useful as models for understanding the thermodynamic behavior and the state of solvation of proteins and peptides in solution, especially in deriving simple additivity schemes for the prediction of the properties of biochemical systems. Specific interactions of water with various functional groups of protein contribute the formation of the stable-folded structure of proteins in solutions. The direct study of these important protein-water interactions is difficult because of the complexity of the interactions in a protein macromolecule. As amino acids are the basic building blocks of proteins, it is not surprising that they have been used extensively as model compound. Amino acids are considered to be the model compound for specific aspect of the more complex protein in aqueous solutions as these small solutes incorporate some of the structural features found in globular proteins. Therefore, it is useful to study amino-acid-water interaction to mimic some aspects of the protein structure. Physical properties of amino acids in aqueous phase play a key role in the optimization and design of both the currently used and proposed industrial processes of biochemistry.
1,2 Normally, amino acids are known to occur in zwitterionic form in biological media. [3] [4] [5] Glycine is the simplest amino acid of smallest hydrocarbon backbone and is a very good biochemical model compound. There are several theoretical investigations on environmental effects on the molecular structure of glycine. [6] [7] [8] [9] [10] [11] [12] These studies have shown that the aqueous media stabilize the zwitterionic form of glycine. Binding of few water molecules at the appropriate sites of a given solute molecule through hydrogen bonds would represent the microscopic solvent effect. 13, 14 The aim of this work is to study glycine-(water) 3 complex using density functional theory method. We have calculated two-, three-, and four-body interaction energies. The chemical hardness and chemical potential is also calculated. The article is structured as follows: In Sec. II, the computational details are given. Section III gives the brief summary of the energy decomposition scheme including correction for basis set superposition error ͑BSSE͒ by using the counterpoise method and generalized counterpoise method. [15] [16] [17] Results are presented in Sec. IV. Finally, the conclusions are inferred in Sec. V.
II. COMPUTATIONAL DETAILS
It has been demonstrated that density functional theory predicts molecular structure of substantially higher accuracy than obtained via SCF calculations and of similar accuracy to the prediction of MP2 calculations. It includes study on several hydrogen bonded complex, 18 water dimmer, 19 and glycine-water complex. 9 We have tried to obtain different possible geometries for glycine-(water) 3 complex and five different conformers of glycine-(water) 3 have been optimized by density functional theory methods. The optimized geometries are shown in Fig. 1 . In DFT method, B3LYP hybrid functionals [20] [21] [22] [23] that consist of the Hartree-Fock and nonlocal exchange and correlation parts are used by implementing the 6-311ϩϩG* basis set. For hydrogen bonded systems, it is expected that both diffusion and polarization function may be necessary in the basis set. It has been proved earlier by Wang et al. 9 that the results with the 6-311ϩ ϩG* basis set are more accurate using B3LYP for glycinewater complex. All such calculations are performed using GAUSSIAN 98W program.
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III. ENERGY DECOMPOSITION
The two-, three-, and four-body contributions to the total binding energy are calculated using many-body analysis. 13, [25] [26] [27] [28] [29] The decomposition of the total energy of the complex can be written as a͒ Author to whom correspondence should be addressed. Electronic mail: chesll@ccu.edu.tw
where E(i), E(i j), E(i jk), and E(1234) are the energies of the various monomers, dimers, trimers, and tetramer in the complex, and E Gly , E W are the energies of isolated glycine and water molecules, respectively. The pairwise two-body interaction energies and higher three-and four-body interaction energies are defined as the following equations:
The BSSE corrected energy of a subsystem ͑ijk͒ is evaluated in the full basis of a larger system ͑1234͒, and denoted by the term E(i jk͉1234). Accordingly, the n-body terms are substituted with the BSSE corrected ones:
͑7͒
The total binding energy of the complex is the sum of relaxation energy and two-, three-, and four-body energy. The BSSE corrected total energy is calculated as suggested by Valiron and Mayer. 17 Figure 1 shows the structure of five selected minimum energy conformers of the glycine-(water) 3 complex optimized at B3LYP/6-311ϩϩG* level. The glycine considered here is in zwitterionic form as the aqueous media stabilize the zwitterionic form of glycine. [6] [7] [8] [9] [10] [11] [12] The selected geometries for these five sets of conformers, taking the (ϪNH 3 ϩ ) group as proton donor into account, are represented in Table I . It can be observed that the hydrogen bonding distances H 2 -O 14 , H 8 -O 11 and H 10 -O 17 is longer for conformers V, II, and IV, respectively, and that is shorter for conformers III, I, and I, respectively.
IV. RESULTS AND DISCUSSION
The total energies and the dipole moment of the five conformers are listed in Table II . It can be seen from Table II that the conformer IV has the lowest BSSE corrected total energy ͑Ϫ513.917 967 7 Hartree͒ and is the most stable structure among the five. It has also the lowest value of the dipole moment. The value of total energy and dipole moment of conformer V is very close to that of conformer IV. But the total energy of the former is still greater than that of the latter, indicating conformer IV is the most stable structure among the five. The BSSE corrected total energies of the four conformers I, III, IV, and V differ within a range of 4 Kcal/mol. The total energies of conformers IV and V differ by 0.13 Kcal/mol after BSSE correction.
For calculating the many-body interaction energies, the glycine-(water) 3 complex is divided into two-, three-, and four-body interaction terms, relaxation energy of glycine and three water molecules in a complex. The relaxation energy, two-, three-, four-body interaction energies, and binding energy, are represented in Table III . The complex IV has the highest total binding energy ͑27.28 Kcal/mol͒. The two-body interaction energies contribute more to the total binding energy than the three-and fourbody interaction energies. The G-W 1 , G-W 2 and G-W 3 interaction is attractive for all the five conformers. The G-W 2 interaction is more attractive than all other two body interaction for all the conformers and it is Ϫ24.26, Ϫ8.73, Ϫ12.56, Ϫ17.81, and Ϫ17.54 ͑Kcal/mol͒ for conformers I-V, respectively. G-W 2 interaction is more attractive in conformer I than conformers II-V. The W 1 -W 2 interaction is repulsive for conformers I, II, and III and attractive for conformers IV and V. W 1 -W 3 interaction is repulsive for conformers I and III and attractive for conformers II, IV, and V, whereas W 2 -W 3 interaction is repulsive for conformer I only and attractive for conformers II-V. On comparing the contribution of W 1 -W 2 , W 1 -W 3 , and W 2 -W 3 to the total two-body energy, it can be seen that W 1 -W 2 has very little contribution whereas W 1 -W 3 and W 2 -W 3 has significant contribution to the total two-body energy. The highest total two-body energy is found for conformer I. From the values of total two-body energies for the five conformers, it can be concluded that all the five conformers have attractive twobody interaction and conformer I has the largest among the five conformers. The total two-body interaction energy for conformer I is largest among the five since, in conformer I, there is direct hydrogen bonding interaction of glycine and three water molecules without any bonding interaction among the three water molecules which results in large values of two-body interaction energies, i.e., G-W 1 , G-W 2 , and G-W 3 . It can also be seen from Table III that the twobody interaction energies when glycine interacts directly with the water molecule are larger than when that interacts indirectly with the water molecule.
From the three-body interaction energies, it can be seen that the G-W 2 -W 3 interaction contribute more than the other three-body interactions for all the five conformers. G-W 2 -W 3 interaction is more attractive ͑Ϫ5.63 Kcal/mol͒ in conformer III than that in other conformers. G-W 1 -W 2 interaction is repulsive for conformers I, II, and III and is attractive for conformer IV and V. G-W 1 -W 3 and G-W 2 -W 3 interaction is attractive for all the conformers except conformer I. W 1 -W 2 -W 3 interaction is repulsive for conformers II and III where it is attractive for I, IV, and V. From the total three-body interaction energy values, it can be said that all the conformers have attractive three-body interaction except conformer I, which has repulsive three-body interaction. The three-body interaction has a much smaller contribution for conformer II. Also glycine-water-water interaction has more contribution than the water-water-water interaction.
From Table III , it can be seen that the four-body interaction energies are negligible as compared to two-and threebody interaction energies. On comparing the relaxation energies for the five conformers, the largest value of relaxation energy ͑27.47 Kcal/mol͒ is found for conformer I than the other conformers. The relaxation energy measures the degree of strain that drives the structural distortion of an individual molecule in the complex. The highest value of relaxation energy for conformer I indicates larger geometrical changes when three water molecules formed three hydrogen bonds with the three hydrogen atoms of the amino group of glycine, without any bonding among the water molecules.
The chemical hardness ͑͒ and chemical potential ͑͒ ϩG* for conformer IV, it can be concluded that conformer IV is found to be most stable among the five conformers studied, according to the maximum hardness principle ͑MHP͒. 30, 31 The total energy of conformer IV reported in Table II also predicts the stability of the complex.
On comparing the study of glycine-(water) 1 complex by Wang et al. 9 and glycine-(water) 3 complex studied here, it can be concluded that zwitterionic structure of glycine is not stabilized by one water molecule whereas it is stabilized by three water molecules.
V. CONCLUSIONS
We have studied five conformers of glycine-(water) 3 complex using the DFT/B3LYP method. The basis set with inclusion of diffusion and polarization function 6-311ϩ ϩG* is used. Many-body interaction analysis is applied to calculate the two-, three-, and four-body interaction energies. Two-and three-body interaction energies contribute significantly to the total binding energy whereas four-body interaction energies are negligible. The stability of the conformer with lowest total energy is confirmed by the chemical hardness and chemical potential values. We are investigating conformers for glycine-(water) 3 complex taking COO Ϫ as proton acceptor. 
